Abstract-In this paper, we report the development of a technique to characterize layer-specific nonlinear material properties of soft tissue in situ with the potential for in vivo testing. A soft tissue elastography robotic arm system comprising of a robotically manipulated 30 MHz high-resolution ultrasound probe, a custom designed compression head, and load cells has been developed to perform compression ultrasound imaging on the target tissue and measure reaction forces. A multilayer finite element model is iteratively optimized to identify the material coefficients of each layer. Validation has been performed using tissue mimicking agarbased phantoms with a low relative error of ∼7% for twolayer phantoms and ∼10% error for three layer phantoms when compared to known ground-truth values obtained using a commercial material testing system. The technique has then been used to successfully determine the in situ layer-specific mechanical properties of intact porcine stomach. The mean C 10 and C 20 for a second-order reduced polynomial material model were determined for the muscularis (6.41 ± 0.60, 4.29 ± 1.87 kPa), submucosal (5.21 ± 0.57, 3.68 ± 3.01 kPa), and mucosal layers (0.06 ± 0.02, 0.09 ± 0.24 kPa). Such a system can be utilized to perform in vivo mechanical characterization, which is left as future work.
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I. INTRODUCTION AND BACKGROUND
T HE tissues of each organ can be structurally classified based on the morphology of its comprising parts, such as the distinct layers of the skin (dermis and epidermis), gastrointestinal track (mucosa, submucosa, and muscularis), or arteries (adventitia, media, and intima). The overall mechanical behavior of each of these tissues is dependent on the material property of each individual layer. In order to model the mechanical behavior of such tissue, we require layer-specific characterization.
Modeling multilayer tissue behavior can be useful in better understanding tissue healing and remodeling [1] , mechanosensing [2] , and developing realistic virtual reality simulators for surgical procedures such as natural orifice transluminal endoscopic surgery [3] , [4] or endoluminal procedures such as endoscopic submucosal dissection [5] , [6] that involve tunneling between layers.
Traditionally, the mechanical characterization of multilayer tissues has been performed by considering the entire thickness of the tissue as a homogenous material and assigning an appropriate material model. In particular, the esophagus has been studied extensively to determine bulk properties by performing inflation experiments and observing dilation using ultrasound imaging [7] - [12] . Takeda et al. were able to perform esophageal dilation experiments on humans using a compliant balloon structure and an ultrasound probe to determine the tissue wall stress during dilation [13] . Similar studies assuming the tissue as a homogenous material have also been performed on the intestines [14] - [16] , skin [17] - [21] , and arteries [22] - [26] . Yassi et al. developed an anatomically realistic three-dimensional (3-D) simulation of the gastroesophageal junction [27] . During simulations they noted deviations from experimental data due to the unavailability of constitutive models capable of explaining the muscular layer behavior, highlighting the need for layer-specific models.
Layer-specific mechanical properties of a variety of soft tissues such as intestines, arteries, and skin have also been described. These testing techniques can be classified distinctly into methods that study the tissue in situ/in vivo or ex vivo. Ex vivo studies characterize the tissue outside its natural anatomical and physiological context and might not maintain the structural integrity of the layers by testing them separately. Comparatively, in situ studies are performed on the whole organ and maintain the layered structural integrity but not necessarily the in vivo physiological conditions. In many gastrointestinal tissues, such as the stomach and esophagus, the morphology of the tissue allows the surgical separation of the mucosal and muscularis layers with relative ease. This has allowed a variety of ex vivo studies to be performed on stomach [28] , [29] and esophagus [30] - [34] where the layers are tested separately. While these tests allow each individual layer to be tested in their no-load states, the degree of tissue damage imparted in surgical separation is unknown and fails to acknowledge the impact of layer-layer bonding on the overall tissue behavior. Also, in gastrointestinal tissue, there are more layers than the two easily separable mucosal and 0018-9294 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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muscularis layers, such as the mucosa and submucosa, which cannot be surgically separated with precision and such techniques consider the two mucosal layers as one. Many ex vivo layer-specific studies have been performed previously while keeping the multilayer tissue intact. The esophagus [35] - [37] , intestines [38] , [39] , skin [17] , [40] , [41] , and stomach [42] , [43] have been tested in detail. However, excising small segments of the organ for inflation, uniaxial, or biaxial testing imparts an unknown degree of tissue damage and is still unrepresentative of the in situ state of the organ. Thus, in order to measure the most anatomically and physiologically relevant layer-specific material properties of multilayer tissue, we require a testing method capable of maintaining the structural integrity of the tissue while testing the layers in situ and eventually in vivo. Prior studies have shown that there are significant differences in material properties of soft tissue when tested in vivo/in situ vs. ex vivo [44] - [46] , attributed to loss of perfusion, onset of muscular rigor mortis, and relaxation of internal residual stresses/strains. Ultrasound-based quantitative compressive elastography is a viable technique to subject the tissue to a loading regime while nondestructively visualizing layer-specific behavior of tissue. Elastography is a method employing the use of ultrasound imaging to quantitatively visualize the deformation, and eventually the elastic modulus distribution of tissue while under an external load, typically compression [47] . Elastography has been previously used to study the layerspecific and bulk mechanical properties of multilayer soft tissues, such as blood vessels [48] , articular cartilage [49] , skin [50] , and breast tissue [51] . The use of ultrasound allows for the strain field of each layer to be visualized without having to strip layers apart, be it is in situ or in vivo. This ability to test the tissue and maintain the in situ configuration of the tissue layers without the need to excise sections of tissue from the organ distinguishes compression elastography from the aforementioned techniques. Even in inflation testing which can be performed in vivo, there is limited to no control over the boundary conditions of the inflated organ, making quantitative inferences from the elastography results uncertain. Also, for an in situ technique to have in vivo feasibility, it must be able to access the organ in vivo and then perform the compression sequence with precision. Using a programmable robotic arm capable of executing precise loading regimes allows the elastography compression head to be placed on the target organ. Handheld compression elastography has been performed and tested in the past [52] - [55] ; however, the unreliability of the handheld loading rate and the orientation of the organ-to-probe contact have been cited as reasons for uncertainty in the quantitative results.
In this work, we have developed both a hardware and software framework capable of characterizing layer-specific material properties of soft tissue in situ with in vivo testing feasibility. The hardware consists of a robotic arm that supports the ultrasound probe and allows precise deformation of the organ, while at the same time, measuring indentation force using a six-axis sensor. In the remainder of this paper, we refer to this system as the soft tissue elastography robotic arm (STiERA). A finite element-based computational model is utilized to identify layer-specific material properties based upon an optimization algorithm. In this paper, we report studies using multilayer agar gel specimens as well as ex vivo porcine stomach tissue.
II. METHODS AND MATERIALS

A. Soft Tissue Elastography Robotic Arm (STiERA) Hardware
Our STiERA hardware system is a robotically manipulated elastography compression testing instrument, composed of a robotic arm and a custom designed compression head mounted on the arm (see Fig. 1 ). The six-degrees-of-freedom robotic arm (UR5, Universal Robots) provides accurate positioning of the compression head in 3D and precise loading speed in the compression experiments. The robotic arm has the ability to be programmed for variable compression rates between 0.1 mm/s and 1000 m/s. A custom-designed compression head fixture was attached to the end-effector of the robotic arm. The fixture is instrumented with two load cells (ATI nano17 precision), which provides real-time load data at 1000 Hz with a resolution of 0.0125 N.
The compression head encapsulates a high-frequency ultrasound probe (Ultrasonix L40-8/12 linear array probe) operated at 30 MHz (bandwidth 20 MHz) consisting of 128 elements with a 100 μm element pitch, a focal range of 2-30 mm (8 mm elevational focus), and an expanded imaging width of 16 mm, providing a 14 μm axial and 25 μm lateral resolution. This particular probe frequency was chosen in order to attain sufficient intralayer resolution. Previous studies have shown the porcine stomach muscularis and submucosa-mucosal layers to be 3-4 mm in thickness [28] , [56] with the submucosa being a much thinner component of the mucosal-submucosal combined layer. With a 30 MHz probe operating frequency, we anticipate to visualize ∼70 pixels per mm of gastric tissue, providing substantial layer-specific information. The images are recorded and displayed on the Ultrasonix SonixOne portable ultrasound unit with a variety of postprocessing capabilities. The ultrasound probe images the target tissue underneath through a small aperture in the circular compression head, where the compression head has a diameter of 38 mm. Since the surface of the ultrasound probe sits flush with the surface of the compression head, it ensures a uniform compression surface. 
B. Computational Modeling
Most biological materials exhibit varying degrees of anisotropy, inhomogeneity, and are nearly incompressible materials which may experience large deformations under in vivo loading conditions. These biological materials can be considered rate independent at low strain rates making such material great candidates for modeling using hyperelasticity.
Thus, in order to model the target material, an appropriate hyperelastic material model needs to be identified. For our purposes, we assumed the material to be isotropic, incompressible, and homogenous. Four hyperelastic models, presented in Table I, were evaluated, which included the 1) Neo-Hookean, 2) Mooney-Rivlin, 3) a second-order reduced polynomial, and 4) the Yeoh model. Table I . In these models, the C 10 , C 01 , C 20 , and C 30 parameters are the material coefficients.
The identification of the optimal material parameters of multilayer biological material is an optimization problem, wherein the material coefficients of the material law are iteratively updated in the finite element model so as to minimize the difference between the experimental and simulated force and displacement data. Based on studies presented in Section III-A, we have chosen the second-order reduced polynomial model for both computational efficiency and accuracy.
Thus, to determine the optimal material parameters for each of the tissue layers, a finite element model of the multilayer tissue was developed and the following objective function, representing the difference between the model predictions and experimental observations, was iteratively minimized:
(
In this equation, layer-specific coefficients are stored in the vector C. Here, d ij is the axial displacement of a point located at the interface of layers "j" and "j + 1," along the axis of symmetry of the specimen at time point "i" where "n" is the total number of time points and "m" is the total number of layers. A layer is defined as a morphologically distinct and mechanically distinguishable region of the tissue with its thickness along the compression direction of the probe. For the agar gel experiments reported next, the layers are intentionally prepared to have distinct mechanical properties. For the stomach tissue, the boundaries between layers are determined using ultrasound B-mode images (see Fig. 8 ) and each layer is assumed to have homogenous material properties. Superscripts "e" and "s" denote experimental and simulated data, respectively. f i is the axial force on the indenter at time point "i." In the objective function, the displacement and reaction force were weighted equally such that w 1 = w 2 = 0.5. Previous work has shown that in a two-dimensional incompressible inverse problem, the elastic modulus can be reconstructed almost uniquely with only two displacement fields and uniquely with four, without any knowledge of the boundary conditions [57] . For our computations, we have used n = 6 isotemporal time points along with the boundary condition for each displacement field, thus making the problem better posed to yield a unique set of optimal material parameters C. Fig. 2 shows a flowchart showing the algorithm for the iterative optimization routine used to identify the optimal material coefficient vector.
The "trust-region-reflective" optimization method [58] , extensively applied to soft tissue finite strain applications [59] - [61] , has been employed in this work. Though the LevenbergMarquardt algorithm has also been used extensively in soft tissue finite strain material coefficient optimizations [62] - [64] , it has known limitations for negative definite Hessian matrices [65] , which are overcome when the trust-region-reflective optimization is used. The trust-region-reflective algorithm was implemented by means of the MATLAB curve fitting toolbox, which iteratively modified the material model coefficients and subsequently altered the Abaqus simulation input file for finite element simulations. The input parameters for the trust-regionreflective algorithm in MATLAB were set as per Table II .
C. Mechanical Characterization of Agar Gel Phantoms Using STiERA
In order to test the accuracy of the ultrasound-based material characterization method, a test protocol involving single and multilayered tissue mimicking agar gel samples was designed allowing the comparison of material properties obtained from a commercial, validated material testing system (MTS) to the results obtained from the STiERA-based system. Such agar gel samples have been shown to be good substitutes for soft tissue elastography [66] - [68] .
1) Preparation of Single-Layer and Multilayer Agar Gel
Test Samples: Three master batches of agar gel concentrations were prepared from gelatin (8% weight/volume), psyllium fiber (1% weight/volume), and varying concentrations of agar (1%, 2.5%, and 4% weight/volume). The agar concentration modulated the stiffness, the gelatin allowed the gel to set, and the psyllium fiber provided echogenic contrast in the samples for ultrasound imaging. The master batches were prepared by melting the agar mixture in a microwave which was then poured into 150 mm long cylindrical molds with a diameter of 34 mm and left to set for 6 h at room temperature. From each of the three master batches, three 10 mm thick discs were cut to yield the single layer test samples. In total, nine single-layer samples were obtained for MTS testing. The multilayer (two-layer and three-layer) test samples were assembled from the same 4%, 2.5%, and 1% concentration agar gel master batches, as shown in Fig. 3 . Three 3 mm thick discs were sliced from each concentration of agar gel master batch to ensure physiologically relevant layer thickness [28] . The layers were glued to each other by pipetting 2 ml of warm 8% weight/volume gelatin between the interfaces and then kept in the fridge for 120 s in order to set. Three two-layer and three three-layer test samples were prepared for compression tests with STiERA.
2) Compression Testing and Characterization of SingleLayer Samples With Instron MTS:
The objective of testing single layer samples was to determine which one of the four hyperelastic material models listed in Table I was best capable of capturing the behavior of the different concentrations of agar samples while under unconfined compression testing on the Instron MTS system. In order to identify the mechanical properties of each of the three agar gel concentrations, single-layer samples with 4%, 2.5%, and 1% agar concentrations were tested on the Instron MTS system. Each of the single-layer samples was coated with 5 ml of generic vegetable oil on the top and bottom surfaces before being placed between the uniaxial compression head apparatus on the Instron MTS, to ensure frictionless boundary conditions for the unconfined compression test. The samples were compressed up to a maximum compression of 20% at a loading speed of 0.1 mm/s. Each test was repeated three times (27 tests in total). Displacement of the compression head and the load applied on the samples were recorded during testing.
3) Compression Testing and Ultrasound Measurements
With STiERA: The multilayer samples were placed onto the experimentation stage of the STiERA for compression testing. The lower boundary was glued to the surface to impose an encastered boundary condition while the top surface was coated with a thin layer of 5 ml of vegetable oil to provide a frictionless boundary condition. In similar fashion to the compression of the single layer samples, the STiERA system was programmed to compress the multilayer samples by 20% of the total composite thickness at a loading speed of 0.1 mm/s. Each multilayer sample was tested three times (18 tests in total). Fig. 4 shows a typical force signal obtained from 20% compression of 2-and 3-layer agar gel samples.
The ultrasound system (Ultrasonix SonixOne) was used to record B-mode video sequence, which provides a highresolution video sequence of the subsurface target material while undergoing compression. The B-mode images constructed by the system were used to estimate the displacement instead of RF data because the B-mode image reconstruction algorithm developed by the manufacturer was optimized for the transducer array and provided sufficient layer-specific resolution for our target tissue. The B-mode video sequence was then downsampled to 3 Hz in order to ensure a minimum of 25 μm displacement between consecutive frames since the resolution of the probe was 14 μm axial and 25 μm lateral. Deformation of the tissue during compression testing was acquired by computing the displacement field between two consecutive isotemporal B-mode images with an open-source, intensity-based image registration toolkit known as elastix [69] . Once the displacement field between consecutive B-mode images was calculated using elastix, the total displacement field was calculated in MATLAB by vector addition (Lagrangian displacement). Note that there is no necessity to compute the strain fields explicitly from the experimentally observed displacement fields.
Finite element models of the multilayer agar gel samples were created using the commercial software package Abaqus (Dassault Systemes Simulia Corporation, Providence, RI, USA). The test samples had uniform layer thicknesses and were cylindrical in shape; thus, an axisymmetric model was implemented for the simulation. The lower boundary of the test sample was encastered using glue while the top boundary was set to a frictionless contact with the indenter surface. The mesh was created with a seed size of 0.1 mm; thus, for a sample with a thickness of 9 mm and with a diameter of 30 mm, the model contained a total of ∼10 500 elements with ∼8000 linear quadrilateral elements (CAX4RH).
4) Layer-Specific Solution Sensitivity of the Agar Gel
Sample: In order to interpret the results from the agar gel experiments, it was critical to understand the sensitivity of each coefficient and its respective impact on the overall accuracy of the solution. Sensitivity maps were generated by modulating the coefficients of the chosen model and compared to the groundtruth by plotting the error for each combination of the model coefficients. 
D. Mechanical Characterization of Layer-Specific Properties of Porcine Stomach Wall Ex Vivo
Once the accuracy of the STiERA for measuring mechanical properties was established using the agar gel phantoms, it was used to identify the layer specific properties of porcine gastric tissue. Porcine stomachs from pigs weighing ∼115 kg were sourced from a local slaughterhouse and tested using the STiERA system within 5 h postmortem and staged identically to the multilayer agar gel testing setup. The porcine stomach was cut open along the lesser curvature to expose the inner surface of the stomach. Once flattened out, the stomach was placed onto the staging platform already covered with a 120 grade commercial sandpaper (115 μm particle diameter) to provide a very high friction surface to experimentally impose a nonslip boundary condition. The top surface of the gastric tissue was coated with a thin layer of 15 ml of vegetable oil to provide a surface of minimal friction as was done for the agar gel phantoms. In similar fashion to the compression of the agar gel phantoms, the STiERA system was programmed to compress the multilayer samples to a maximum compression of 20% at a loading speed of 0.1 mm/s. A total of four porcine stomachs were tested at two distinct locations on both sides of the organ (four locations per stomach in total). Each location was tested three times with a wait time of 3 min between successive tests to allow the tissue to relax to its initial configuration.
The finite element models of the porcine gastric tissue were generated with the assumptions of axisymmetry, incompressibility, and isotropy. The thickness of each layer was identified using the precompression B-mode ultrasound images and reflected in the finite element model geometry. The one fundamental difference in this case was the introduction of edge effects between the compression head and the tissue since the tissue domain was larger than the compression head. The gastric tissue was modeled as a semi-infinite medium by making the diameter of the soft tissue at least six times greater than the compression head to avoid any boundary effects on the displacement field. All other finite element parameters including seed size and objective function minimization parameters were kept the same. In Fig. 5 , we can see the tissue layer geometries along with the created mesh.
III. RESULTS
A. Testing With Agar Gel Specimens
Prior to developing the material models for the agar gel samples, it was necessary to compare the force-strain curves between the Instron MTS and STiERA systems. A comparison of the force-strain curves from the two systems yielded ∼2.2% relative error in force when 4%, 2.5%, and 1% single layer agar samples were tested. In Fig. 6 , we can see the comparison between the two systems for the single layer 2.5% agar concentration sample.
The load-displacement data from each of the single-layer Instron MTS experiments was used to calculate the experimental stretch and stress values, and then each of the four material models listed in Table I were fit to the experimental data using the MATLAB curve fitting toolbox. The curve fitting yielded the model-specific material coefficients along with the root-meansquare-error (NRMSE) of each material model, which was then normalized to the range of stress, as
Here, σ e,i and σ m ,i are the experimental and model predicted stress values for the time point "i," where "n" is the number of data points in the experimental data set. Using the NRMSE value, the model with the lowest percentage error was identified and implemented to determine the "ground-truth" coefficient values for each respective agar gel concentration. Fig. 7 shows a representative example comparing the ability of the four models to capture the behavior of the 2.5% concentration single-layer agar gel sample. The experimental data exhibit strain stiffening with increasing compressive strain. The difference in performance of each model is evaluated by means of the NRMSE. Table III provides the model error values of all four models for each of the three agar gel concentrations. The results in Table III show that the 2nd order reduced polynomial and Yeoh model show the least NRMSE values, and outperform the Neo-Hookean and Mooney-Rivlin models. In the remainder of the study, the 2nd order reduced polynomial model has been used as it involves just two parameters (C 10 and C 20 ). Table IV shows the material parameter values of the 2nd order reduced polynomial material model. The results indicate that with an increasing concentration of agar there is an increase in the stiffness of the sample, as expected. As the agar's weight per volume of sample is increased from 1% to 4%, we see an increase in the C 10 parameter from 2.10 ± 0.05 to 12.70 ± 0.48 kPa. Prior to determining the layer-specific material parameters of the multilayer agar gel samples, displacement fields were calculated for each of the 2-and 3-layer agar gel samples using elastix. Fig. 8(c) shows the displacement field at 20% compression obtained from a representative 3-layer agar gel sample using the pre-and postcompression isotemporal ultrasound Bmode images. The B-mode images are able to clearly illustrate the three agar gel layers.
In order to compare the results obtained from the STiERAbased system to the ground-truth values, we directly compared the coefficient values and also calculated the % relative error between the strain energies of the ground-truth and STiERA system based model.
For the 2-layer agar gel samples, the STiERA-based system determined a mean C 10 value of 12.5 ± 1.0 kPa (ground-truth 12.7 kPa) and C 20 value of 3.0 ± 2.9 kPa (ground-truth 2.1 kPa) for layer 1 with a 0.43% relative strain energy error. C 10 and C 20 for layer 2 were 2.1 ± 0.7 kPa (ground-truth 2.1 kPa) and 5.3 ± 5.6 kPa (ground-truth 3.1 kPa) with 13.9% relative strain energy error. The variation in C 20 appears to be high; however, the low % relative strain energy error for each layer indicates a good fit. Fig. 9(a) further illustrates that the layer-specific models determined using STiERA were able to capture the ground-truth stress-stretch behavior fairly well. The ground-truth stress-stretch response curves were plotted using the ground-truth C 10 and C 20 parameters identified from the mechanical characterization of single layer agar gels using the Instron MTS experiments.
Testing on the 3-layer agar gel samples using the STiERA yielded mean C 10 and C 20 values of 11.9 ± 0.4 kPa (groundtruth 12.7 kPa) and 3.5 ± 2.6 kPa (ground-truth 2.1 kPa) for layer 1 with a 4.7% strain energy error as shown in Fig. 9(b) . The mean C 10 and C 20 values for layer 2 were 5.2 ± 0.5 kPa (groundtruth 5.1 kPa) and 9.5 ± 6.7 kPa (ground-truth 14.03 kPa) with a 6.3% relative strain energy error. Lastly, the mean C 10 and C 20 values for layer 3 were 2.5 ± 0.3 kPa (ground-truth 2.1 kPa) and 4.0 ± 2.0 kPa (ground-truth 3.1 kPa) with a 18.5% relative strain energy error. Once again, the C 20 parameter shows significant degree of variation; however, the % relative strain energy error for each layer indicates a good fit to the ground-truth stressstretch response curves.
Finally, we also performed an error analysis on the results obtained from the optimization method. We define two error measures by discretizing the 2-layer sample using 16 nodes and the 3-layer sample using 22 nodes along the axis of symmetry and observing the displacements at those nodal points at six isotemporal time points from the compression sequence which were then used in the optimization method. In Fig. 10(a) , we show the % relative displacement error as a function of time defined by the following equation:
where "d ij " is the displacement of node "j" at time point "i" and "m" is the total number of nodes along the depth of the sample. Superscripts "e" and "s" denote experimental and optimized parameter simulated data, respectively. The results indicate that for the representative samples shown, the relative error remains within 2.5% over the course of the six time points. In Fig. 10(b) , we present the % relative displacement error at the nodal points along the depth of the sample defined by the following equation:
where "n" is the total number of time points used in the computations (n = 6). The plots show that the maximum relative displacement error is ∼2.75% with the error reducing from the top of the sample toward the bottom. These two plots provide further confidence in the chosen material constitutive law and the optimization algorithm.
B. Layer-Specific Solution Sensitivity of the Agar Gel Samples
The coefficient sensitivity maps were evaluated for each of the three agar gel concentrations, as shown in Fig. 11 . They were calculated by computing the strain energy using Abaqus for each combination of C 10 and C 20 between 1 and 30 kPa for up to 20% compressive strain. The strain energy at each C 10 and C 20 combination was compared to the ground truth parameters to yield the relative % error. These maps highlight the accuracy of the solution in response to any change in the C 10 and C 20 coefficients (in kPa). The sensitivity maps in Fig. 11 have been scaled to show % relative strain energy error of only 20% or less. Thus, any combination of C 10 and C 20 values within the color map captures the ground-truth material properties with an error of 20% or less. For example for layer 2 in Fig. 11 , varying the ground truth C 20 value of 14.01 kPa by 10 kPa will still yield a solution with an error of 20% or less. However, for the C 10 coefficient of 5.1 kPa, a variation of 10 kPa will yield a solution with a relative % error of greater than 20%. A similar observation can be made about layers 1 and 3, where the C 20 coefficient is much more tolerant to changes than the C 10 coefficient while keeping the error below 20%.
C. Ex Vivo Porcine Stomach
Once the system was validated for its ability to identify the material coefficients of multilayer agar gel constructs, the system was used to identify the material coefficients of the muscularis, submucosa, and mucosal layers of ex vivo porcine stomach tissue. Using the STiERA system, three distinct layers of gastric tissue, the muscularis, submucosa, and mucosa layers were visualized and the displacement fields were obtained successfully (see Fig. 12 ). The precompression B-mode ultrasound images were used to evaluate the thickness of each layer and were determined to be 2.36 ± 0.31, 0.74 ± 0.10, and 2.97 ± 0.19 mm for the muscularis, submucosa, and mucosal layers, respectively. Similar morphometric results were obtained by Zhao et al. [29] who reported the thickness of the muscularis and the combined mucosa-submucosa as 4 and 3 mm (3.71 mm in our case), respectively, for pigs weighing 100 kg. Jia et al. [28] also reported similar results for the serosa-muscle (∼2.9 mm) layer and combined mucosa-submucosa (∼2.9 mm) layer for pigs weighing 140 kg. Fig. 13 shows the mean and the range of stress-stretch behavior of the porcine stomach wall layers identified with the STiERA system. The results showed the presence of strain stiffening for all three layers, primarily at stretch ratios beyond 0.88. For all four stomach samples tested, the muscularis layer was the stiffest with a mean C 10 value of 6.41 ± 0.60 kPa and a mean C 20 value of 4.29 ± 1.87 kPa (see Table V ). The submucosal layer appeared to be slightly more compliant with a C 10 value of 5.21 ± 0.57 kPa and a C 20 value of 3.68 ± 3.01 kPa. The mucosal layer was identified to be significantly more compliant than the other two layers with a C 10 value of 0.06 ± 0.02 kPa and a C 20 value of 0.09 ± 0.24 kPa. The plots in Fig. 13 also highlight the uncertainty in the experimentally obtained models. This uncertainty is difficult to judge solely by the mean and standard deviation of the C 10 and C 20 coefficients; however, the size of the colored patches in Fig. 13 showcases the uncertainty better.
IV. DISCUSSION
In this work, we presented an elastography-based technique to characterize the layer-specific nonlinear mechanical properties of multilayer tissues without compromising tissue integrity. Our goal is to develop an understanding of layer-specific tissue behavior under large deformation, which is useful for developing surgical simulators and understanding tissue healing and remodeling. Since soft tissues are known to exhibit nonlinear behavior in the large deformation regime [70] , our method was designed to elicit the nonlinear mechanical response of the tissue by compressing the tissue up to 20%, well beyond the 10% nominal strain linear regime [71] , [72] . The technique was validated with a series of experiments on tissue-mimicking multilayer agar gel samples and then further used to identify the mechanical properties of intact porcine gastric wall layers ex vivo.
The ground truth for the mechanical behavior of agar gel samples of different concentrations was established by testing the single layer samples with a commercial compression testing setup and analyzing the performance of four hyperelastic material models. Neo-Hookean models have been implemented for agar gel before [73] , [67] ; however, the success of this single parameter model is largely limited to the nearly linear elastic region of the material, typically under 10% compression [67] .
As it was also observed in our study, it fails to characterize the nonlinear, strain stiffening behavior in the large deformation region accurately (4.77% error). The Mooney-Rivlin model was able to provide an improvement upon the Neo-Hooken model by capturing the nonlinearity slightly better (2.44% error). The 2nd order reduced polynomial model and Yeoh model represented the nonlinearity and strain stiffening in the experimental data the best with a low error of 1.11%. As the 2nd order reduced polynomial model has fewer coefficients and hence, computationally less expensive in the optimization procedure, it was chosen as the material model for finite element modeling of multilayer samples.
After establishing the ground truth for mechanical properties of agar gel samples, the developed material characterization method was validated by comparing its results to the ground truth and quantifying the % relative strain energy error. The 2-layer agar gel tests showed satisfactory fit results with 0.43% and 13.9% relative strain energy error for layer 1 and layer 2, respectively. Similarly, the 3-layer sample tests also show low relative error values: 4.7%, 7.31%, and 18.5% for the top, middle, and bottom layer, respectively. Here, a general trend can be isolated where the layer proximal to the ultrasound probe has a better model fit as compared to the distal layers. The decrease in model fit for a layer further away from the probe can be attributed to the introduction of errors due to the ultrasound imaging and displacement estimation using elastix. It is known experimentally that the accuracy of ultrasound measurements decrease as a function of depth [74] , in particular higher frequency probes suffer from greater attenuation [75] also reducing accuracy. For example, in the 2-layer samples, we can expect to see an increase in ultrasound measurement error as we move from layer 1 (top) to layer 2 (bottom), impacting the accuracy of layer 2 greater than layer 1. This indicates that layers proximal to the probe are impacted less by the ultrasound error as compared to the distal layers. The same trend can be observed in the 3-layer agar gel samples as well, where the proximal layer results are better (4.7% error) than the two distal layers (7.31% and 18.5%).
Also, these errors are attributable to the estimation error introduced by the image registration technique. In particular, image registration benchmarking studies on lung CT data using elastix showed and average error of 0.006% for high intensity boundary features and 0.5% for interior regions [76] . With the elastix benchmarking studies in mind, we can also expect some error in the displacement fields, which can eventually impact the optimized material parameters.
Yet, despite the shortcomings observed in the modeling of the distal layers, the method performed satisfactorily as demonstrated by relative error values of below 20%. Although the data presented show relative strain energy errors of less than 20%, we still observed variation in the C 20 parameter. A deeper look at the sensitivity of the overall solution as a function of the material coefficients allows us to better understand the variation in the experimentally identified C 10 and C 20 parameters. For example, in layer 2 for the 3-layer agar gel sample, we can see that the mean C 10 coefficient is 5.2 kPa with a standard deviation of 0.5; however, the C 20 coefficient has a mean of 9.5 kPa and a standard deviation of 6.7 kPa. The same pattern of variability in the C 20 parameter can be observed across other layers as well, for agar gels and ex vivo tests. However, the results consistently show errors of less than 20% quantified in terms of strain energy error, and as low as 0.43%, despite this C 20 variability. This illustrates that C 20 variability does not impact the modeled mechanical behavior as drastically as the C 10 parameter, which can be seen in the sensitivity maps (see Fig. 11 ). The results of the agar gel based validation experiments highlight that, despite the presence of displacement estimation uncertainty as well as any variability in the C 20 parameter, our system was consistently able to show satisfactory model fits. Also, the system was consistently able to identify the correct ordering of each of the layers for both 2 and 3 layer samples highlighting the qualitative nature of the data obtained using the system. The results from the ex vivo experiments indicated strain stiffening for all three layers beyond a stretch ratio of 0.88, hence a transition from a linear mechanical behavior to a nonlinear one, as expected for biological soft tissues. The quantitative ex vivo results showed that the muscularis and submucosal layers are only slightly different in their overall stiffness. Although the muscularis was consistently stiffer than the submucosa, two samples [see Fig. 13(a) and (c) ] showed slight overlap in the mechanical behavior of the two layers above 10% of compression. This highlights that the two layers may almost equally contribute to the overall stomach wall stiffness while under compression in the larger finite compressive strain region (greater than 10%). The mucosal layer was determined to be the most compliant component of the gastric wall under compression. This layer is composed of the epithelium, lamina propria, and a thin layer of muscularis mucosae [77] , and in comparison to the muscularis and submucosal layers, contains significantly less amount of collagen, elastin, and smooth muscle cells, which are responsible for contributing stiffness to the respective layers. Moreover, the mucosal layer consists of gastric glands with the appearance of a honeycomb structure. These tubular glands are secretory glands and do not allow a great degree of mechanical rigidity and contribute to the layers low stiffness.
A limitation of this study is that the modeling does not take into account the anisotropy of the layers. It is also known that soft tissues exist under prestresses under the in vivo condition and must be experimentally quantified in order to enhance the robustness and in vivo validity of the soft tissue models. Similarly, in this work, we did not address the inhomogeneity in the porcine gastric tissue. It has been shown that the material properties of rat and rabbit gastric tissue are dependent on the location of testing and we anticipate similar inhomogeneous behavior in the porcine stomach [56] . These issues are left for future investigations.
V. CONCLUSION
In this work, we presented a technique to identify the layerspecific material properties of intact multilayer tissues. The advantage of this system is that it is amenable to in vivo application. Validation of the system has been performed by compression loading experiments on agar gel phantoms and then used to identify layer-specific properties of in situ porcine gastric tissue. With a validated system capable of providing results with and average relative strain energy error of ∼7% for two layer constructs and an average of ∼10% error for three layer constructs, the framework was deemed capable of providing reliable layerspecific material properties in a nondestructive manner. The system was then used to identify the in situ layer-specific properties of porcine gastric tissue. A total of four porcine samples were tested in four locations successfully yielding the mean C 10 and C 20 material coefficients for the muscularis (6.41 ± 0.60, 4.29 ± 1.87 kPa), submucosal (5.21 ± 0.57, 3.68 ± 3.01 kPa), and mucosal layers (0.06 ± 0.02, 0.09 ± 0.24 kPa). As part of the future work, we intend to identify the in vivo layer-specific material properties of porcine gastric tissue in addition to accounting for the anisotropy, residual strains, and inhomogeneity known to be present in in vivo tissue.
